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ABSTRACT: In this study, one well-known CHM residue (Atropa
belladonna L., ABL) was used to prepare biochar capable of
adsorbing rhodamine B (RhB) with an ultrahigh surface area for
the first time. Three micropore-rich ABL biochars including ABL@

ZnCl, (1866 m’/g), ABL@H,PO, (1488 m*/g), and ABL@KOH .
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had excellent adsorption performance for RhB. Moreover, when C,
was 200 mg/L, biochar dosage was 1 g/L, and the contact time was
120 min; the maximum RhB adsorption capacity and removal efficiency on ABL@ZnCl, and ABL@H;PO, were 190.63 mg/g, 95%
and 184.70 mg/g, 92%, respectively, indicating that it was feasible to prepare biochar from the ABL residue for RhB adsorption. The
theoretical maximum adsorption capacities of ABL@ZnCl, and ABL@H;PO, for RhB were 263.19 mg/g and 309.11 mg/g at 25 °C,
respectively. Furthermore, the prepared biochar showed good economic applicability, with pay back of USD 972/t (ABL@ZnCl,)
and USD 987/t (ABL@H;PO,), respectively. More importantly, even after five cycles, ABL@H;PO, biochar still showed great RhB
removal efficiency, suggesting that it had a good application prospect and provided a new method for the resource utilization of
traditional CHM residues. Additionally, pore diffusion, 7—x interactions, and hydrogen bonding all play roles in the physical
adsorption of RhB on ABL biochar. 7—7 interactions dominated in the early stage of RhB adsorption on ABL@H;PO,, while pore
diffusion played a crucial role in the whole adsorption process on both adsorbents.

1. INTRODUCTION including sedimentation, chemical flocculation® and coagula-
Dyes, divided into three categories: anionic, cationic, and non- t%Ol’l,]l6011; exchange, photocatalys_ls,”’b and membrane separa-
ionic dyes,' which are widely used in the textile,” printing, tion. " However, these techniques have several drawbacks,
papermaking, leather, and cosmetic industries, have been such as toxic by-products, high energy consumption, odor
classified as the highest-priority water pollutants.” Never- production, and the requirement of a large treatment area.
theless, the poor degradability of organic dyes upon radiation Except for these techniques, adsorption is regarded as an
and oxidation makes them difficult to eliminate.® Once these effective, reliable, affordable, and sustainable approach for
substances are discharged into water bodies, their persistence organic dye removal from wastewater owing to its industrial-
prevents the penetration of sunlight to the deepest levels and scale applicability and high efficiency.'® Adsorbents such as
Changes the photosynthetic acthlty of the aquatic environ- Zeolites’lg’zo metal—organic frameworks (MOFs),Zl biochar}zz
ment.””” Additionally, they increase the turbiditg of wastewater and nanotubes”*** have been widely studied for dye removal.

that leads to the deterioration of water quality.'”'" Rhodamine
B (RhB) is an extensively used synthetic anthraquinone cationic
dye, which is reported to be highly toxic and carcinogenic,
causing detrimental effects, for instance, cognitive impairment,
anemia, kidney damage, and reproductive toxicity.'”"* More-
over, the extensive use of RhB is noxious when inhaled and
ingested, leading to liver and thyroid damage and eye and skin
irritation. Therefore, there is an urgent need to remove harmful
dyes from wastewater.

Currently, a number of techniques have been employed to
effectively remove RhB from contaminated wastewater,

Because of its wide range of raw materials, feasibility of
industrialization, a simple preparation process, and low cost,
biochar has become the most promising adsorbent.”* Consid-
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Figure 1. Flow chart of ABL biochar preparation.
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ering the increasingly prominent energy crisis and the
consideration of lower cost, numerous waste biomasses, such
as poultry manure,”® sludge,27 crop waste,”® peel,29 and waste,”’
have been studied for the preparation of biochar for various
applications.

Chinese herb medicine (CHM) is a treasure of the Chinese
nation that has made great contributions to human health. With
the development of CHM, many CHM residues have
emerged.’’ In China, it is recorded that approximately 70
million tons of CHM residues are generated each year in
China,”* and CHM residues are becoming one of the largest
biomass resources at present. Nevertheless, most CHM residues
are poorly reused, leading to a giant waste of resources.
Nowadays, extensive techniques have been adopted to treat
waste resources, especially CHM residues, such as stacking,
landfilling, or incineration, all of which result in heavy
environmental pollution and resource wastage.” Therefore, it
is necessary to develop these resources into economical,
environment-friendly, and usable materials to mitigate environ-
mental pollution and achieve the sustainable effect of “treating
waste with waste”. It is well known that CHM residues are
abundant in cellulose, hemicellulose, lignin, and various
microelements as well, for example, iron, calcium, and
phosphorus.** Furthermore, the affluent functional groups and
open stomata of CHM residues can help in preparing biochar for
efficiently capturing dyes in aqueous solutions.*® Vigneshwaran
et al.’® developed a sulfur-doped tapioca peel biochar with a
specific BET surface area of 146 m?/g, while its RhB adsorption
capacity was 33.10 mg/g at 298 K. Mousavi et al.'" recorded a
maximum RhB adsorption capacity of 5.6 mg/g on biochar
derived from corn stalks. Although these biomass/residues show
good potential for dye treatment, their poor dye adsorption
capacities and small surface areas are major obstacles.
Consequently, it is requisite to select appropriate CHM raw
materials to prepare biochar with a high surface area and good
RhB adsorption performance to achieve efficient removal.

Herein, a kind of well-known CHM named Atropa belladonna
L. (ABL) was chosen to study the application of CHM residue in
wastewater treatment. To our knowledge, there is no report on
the preparation of biochar from ABL residue and its application
in wastewater treatment. Thereafter, the micropore-rich ABL
biochar was prepared from waste ABL via chemical activation
and carbonization for the first time, and its adsorption
performance for RhB was systematically studied with adsorption
kinetics, isotherms, and thermodynamics. The structural
properties of the ABL biochar were characterized. Then, the
effects of adsorbent dosage, initial dye concentration, contact
time, pH, and adsorption kinetics, as well as the isotherm of RhB
adsorption on ABL biochar, were investigated. Moreover, the
potential adsorption mechanism of RhB on ABL biochar was
deeply discussed. The industrial and economic feasibility of ABL
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biochar was well evaluated. The performance of CHM-derived
biochar for RhB adsorption was thus investigated systematically
in this work.

2. MATERIALS AND METHODS

2.1. Chemicals and Materials. The CHM residues (A.
belladonna L., ABL) were acquired from a Chinese medicine
factory in Henan, China. The activation ingredients, that is, zinc
chloride (ZnCl,), phosphoric acid (H;PO,, 85%), and
potassium hydroxide (KOH) were bought from Shanghai
Macklin Biochemical Co., Ltd. RhB was purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd. Commer-
cial biochar was purchased from a biochar factory in Henan,
China. All chemicals were used as received without further
treatment.

2.2. Preparation of ABL Biochar. Figure 1 depicts the
preparation flow chart of the as-synthesized ABL biochar. First,
ABL residues were thoroughly rinsed with distilled water, air-
dried for 2 days, and pulverized to obtain a uniform particle size
of 100—150 mesh before conducting the experimental steps to
prepare biochar. Subsequently, the cleaned ABL residues (2 g)
were immersed separately in 2 M ZnCl,, 3.6 M H;PO,, and SM
KOH solutions for 24 h and then dried in an oven at 80 °C for 12
h. The mixture was pyrolyzed at 500 °C under a N, flow for 2 h
in a tube furnace with a heating rate of S °C/min. The details of
experimental parameters selected are shown in the Supporting
Information (Tables S1—S4). After activation, the as-made ABL
biochar was washed with 5% HCI followed by distilled water
until a neutral pH value was reached prior to drying at 80 °C in
an oven for 12 h. The samples activated by different chemical
reagents were labeled ABL@x (x = ZnCl,, H;PO,, and KOH,
respectively). However, the sample carbonized directly without
chemical reagents was labeled ABL@Blank.

2.3. Characterization. The ash content and moisture
content of raw ABL residue were tested as reported.’” The pore
structures were measured by N, adsorption—desorption
isotherms at 77 K using an automated sorption analyzer
(Autosorb IQ,, Quantachrome). The element composition was
investigated by an elemental analyzer (EA, Elementar
UNICUBE). The surface morphology and chemical composi-
tion of biochar samples were observed by scanning electronic
microscopy (SEM, Zeiss Evo 18) coupled with energy dispersive
spectroscopy (EDS, Tescan Mira 3 MH) and transmission
electron microscopy (TEM, JEM 2100F). The surface func-
tional groups were tested by Fourier transform infrared
spectrometry (FTIR, Tensor II, Bruker) and X-ray photo-
electron spectroscopy (XPS, Thermo Scientific K-Alpha). The
crystal structure was investigated by an X-ray diffractometer
(XRD, Bruker D8). The ion leaching from prepared biochar
during RhB adsorption was measured by inductively coupled
plasma optical emission spectrometry (ICP-OES, Agilent 5110).
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Finally, the thermostability of samples was detected by a
thermogravimetric analyzer (TGA, TASSO0).

2.4, Batch Adsorption Studies for RhB. 2.4.1. Adsorption
Studies. The influence of ABL biochar dosage on RhB uptake
was carried out by adding separately 0.25, 0.5, 0.75, 1, and 1.25
g/L of the adsorbent into flasks with RhB solution. In the initial
concentration test, the RhB dye concentration varied from 50 to
250 mg/ L. To examine the impact of contact time, the contact
time was recorded within 120 min. The effect of pH on RhB
adsorption was carried out by adjusting the pH of the solution in
the range of 2—12. Each adsorption experiment was conducted
in triplicate. The RhB concentration was analyzed using an
ultraviolet—visible double beam spectrophotometer at 554 nm
(Unico 4802s, China). The adsorption capacity and removal
efficiency of the biochar at the equilibrium state can be evaluated
using the following equations

(G- )V
ST, (1)

)

where g, (mg/g) is the adsorption capacity at equilibrium, C,
(mg/L) is the initial concentration of RhB, C, (mg/L) is the
equilibrium concentration after time ¢, V (L) is the volume, and
m (g) is the adsorbent mass used for adsorption.

2.4.2. Adsorption Kinetics. Initially, 0.01 g of obtained ABL
biochar was added into 10 mL RhB solution with its
concentration of 200 mg/L, taking aliquots at intervals from
30 s to 120 min at 25 °C.

The adsorption kinetics of RhB were separately analyzed by
the pseudo-first-order (PFO) model, the pseudo-second-order
(PSO) model, and intra-particle diffusion (IPD) models, and
the corresponding equations are listed in Table 1.

K; (L/mg) is the Langmuir constant; Ce (mg/L) is the
equilibrium concentration. n is the Freundlich constant about
surface heterogeneity; and Ky (mg~"/"-g™".L™") is the
Freundlich constant associated with adsorption capacity. ns is

Table 1. Adsorption Kinetics, Isotherm, and Thermodynamic
Models

adsorption model type equation” refs
kinetics PFO q, = qe(l — e 38
_ t
PSO T T 39
kzqez 9e
IPD 9, = Kt** + C, 40
isoth Langmui 1K C 41
t =
1sotherm angmuir qe 1+ KLCe
Freundlich q. = KC/" 42
Si qm(KsCe)m 43
ips =——
i T kO
a. _
thermodynamic van der.HoE AG = —RT InK K, = aand - 44
equation AS/R—AH/RT

“q. (mg/g) and q, (mg/g) are the adsorption capacities at equilibrium
and at time ¢ (min), respectively; k; (min™") is the rate constants of
the PFO kinetic model. k, (g'mg™"-min™") is the rate constant of the
PSO kinetic model. k; (mg-min®®)/g is the rate constant of the IPD
kinetic model; C; (mg/g) is a constant of boundary layer thickness.
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the Sips isotherm model exponent, ad Ks (L/g) is the Sips
isotherm model constant.

AG (KJ/mol) is the Gibbs energy; Ky is the distribution
coefficient for the adsorption; R is the ideal gas constant, whose
value is 8.314 J/(mol-K); T (K) is the absolute temperature; AH
(KJ/mol) is the activated enthalpy; and AS is the change in
entropy (J/mol/K).

2.4.3. Adsorption Isotherms and Thermal Dynamics.
Isotherm experiments were conducted with an initial RhB
concentration range of 25—250 mg/L and temperatures at 303,
313, and 323 K, respectively. The adsorption models including
the Langmuir model, Freundlich model, Sips model, and
thermodynamic model are described separately in Table 1.

2.5. Regeneration Properties. The biochar samples with
adsorbed RhB were pyrolyzed up to 500 °C under N, flow for 1
hin a tube furnace at a heating rate of 5 °C/min to recover and
then to investigate the stability and reusability of the ABL
biochar for RhB adsorption.

3. RESULTS AND DISCUSSION

3.1. Physical Properties of ABL Residues and Biochar.
Table 2 presents the elemental compositions of raw ABL
residues and biochar samples. Notably, the C content of residues
is 46.13%, indicating that it is favorable for preparing biochar.
Compared with the residues, the H and O contents of the
biochar samples all decreased, whereas the C content increased
sharply, suggesting decomposition and cracking during
dehydration and decarboxylation reactions.*> The decrease in
the H/C ratio indicated higher aromaticity,46 whereas the
increased O/C and (O + N)/C ratios implied lower polarity,
which might be attributed to the stronger hydrophobicity and
fewer surface polar functional groups.”” Interestingly, the C
content of ABL@KOH was the lowest among the biochar
samples, indicating a lower carbonization degree.”” Notably, the
0/C and (O + N)/C ratios of the ABL@ZnCl, and ABL@
H,PO, samples were the highest, proving that the samples had
the highest polarity and could provide more adsorption sites in
the subsequent adsorption experiment, which was conducive to
the adsorption process. Moreover, it has been reported that the
activation ingredient is one of the determining factors in
obtaining high-quality CHM biochar. Figure 2a presents the N,
adsorption—desorption isotherms of biochar samples at 77 K.
Except for the ABL@H;PO, sample, the N, adsorption—
desorption isotherms of the obtained biochar samples both
showed type-I isotherms with small hysteresis, indicating that
there were mainly micropores. However, the adsorption—
desorption isotherm of the ABL@H;PO, sample displayed a
type IV isotherm, implying that only a small number of
micropores and a large number of mesopores were present,*’
which were consistent with its pore size distribution (Figures 2b
and Sla). As exhibited in Figure 2b, the pore size of ABL@
H,PO, was mainly distributed from 1—2 to 4—6 nm, which was
much larger than those of other ABL biochars.

Table 3 lists the pore structure parameters of the obtained
ABL biochar. Compared with ABL@Blank, the biochar
activated using chemical reagents had a large specific surface
area and rich pore structures. Evidently, the ABL@ZnCl,
biochar showed the largest BET surface area (1866 m*/g) and
micropore volume (0.47 cm®/g). Additionally, the total pore
volume of the ABL@H;PO, biochar sample was the largest
(2.38 cm®/g), while its micropore volume was the lowest.

After chemical activation, their SEM morphological character-
istics changed a lot (Figure S1b). Clearly, the fibrous tissue in
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Table 2. Elemental Composition of Raw ABL Residues and Prepared Biochar

samples C (%) H (%) 0 (%) N (%) S (%) H/C o/c (0+N)/C

residues 46.13 4.96 4226 1.78 0.16 0.11 0.92 0.95
ABL@ZnCl, 73.86 2.82 12.82 371 0.21 0.04 0.17 022
ABL@H,PO, 68.90 2.13 14.76 0.28 0.05 0.03 0.21 0.22
ABL@KOH 63.31 2.04 12.64 0.67 0.30 0.03 0.20 0.1
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Figure 2. (a) N, adsorption—desorption isotherms of biochar samples at 77 K. (b) Nonlocal density functional theory pore size distribution of biochar

samples.

Table 3. Pore Structure Parameters of Prepared Biochar

average
micropore  total pore pore

BET  Langmuir  volume volume diameter
samples  (m’/g) (m'/g)  (m/g) (m/g)  (nm)
ABL@Blank 52 90 not 0.07 544

available

ABL@ZnCl, 1866 2773 0.47 1.14 2.45
ABL@H;PO, 1488 2069 0.03 2.38 6.40
ABL@KOH 590 842 0.10 0.50 3.36

the raw material was destroyed into many small parts. The
surface of the ABL@ZnCl, sample was flat, and the particle size
was more uniform. This was because ZnCl, destroyed cellulose
and other macromolecular organics during the pyrolysis process,
forming a large number of micropores and mesopores.”” In
contrast, the surface of the ABL@H;PO, sample was relatively
rough, and many particles were attached to the surface.
Furthermore, there were many macroscopic large holes inside
and outside the ABL@KOH biochar, resulting from the gas
produced by reacting C with KOH during reaction.”’ Addition-
ally, the EDS mapping (Figure Slc) indicates that the elements
were evenly distributed on the surface of obtained ABL biochar
samples. A closer look at biochar samples’ microstructure can be
obtained with TEM images (Figure Sld,e). As compared to
ABL@H;PO,, ABL@ZnCl, had smaller and more uniform
pores, while ABL@KOH had fewer micropores, which was
consistent with the analysis of the pore structure.
Thermogravimetric analysis of the ABL biochar revealed that
they all have good thermal stability (Figure S2a,b). When heated
to 800 °C, their weight loss was only about 10—15%, attributing
to the degradation of cellulose and hemicellulose.” In the initial
stage of the drying process, the weight loss may be due to the
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volatilization of some residual chemicals during the preparation
process.””

3.2. Adsorption Performance Evaluation. 3.2.1. Effect of
Adsorbent Dosage. Figure 3a presents the effect of biochar
dosage on RhB removal efficiency. Notably, with an increase in
biochar dosage, the removal rate of RhB also gradually increased,
except for the ABL@KOH biochar. When the dosage of ABL
biochar was 1.25 g/L, the RhB removal rates were both higher
than 85%. Intriguingly, when the adsorbent mass was 1.0 g/L,
the removal rate of RhB was comparable to that of 1.25 g/L
adsorbent. The results suggested that the optimum adsorbent
dosage was 1.0 g/L, ensuring a relatively good removal rate and
low cost.

3.2.2. Effect of Contact Time. Figure 3b,c shows the effect of
the contact time of the ABL biochar on the removal efficiency as
well as the adsorption capacity of RhB. Evidently, at the onset of
adsorption (10 min), the amount of RhB adsorbed on the
adsorbents increased rapidly, then increased slowly, and finally
reached equilibrium. Furthermore, the removal efficiency and
adsorption capacity of the ABL@H,;PO, sample at the initial
stage were clearly much higher than those of the ABL@ZnCl,
sample because of the larger pore size of the H;PO,-activated
biochar. After 20 min, the adsorption capacity gradually leveled
off until equilibrium was reached. Finally, the RhB removal rate
and adsorption capacity of two samples were separately greater
than 90% and 180 mg/g, and the sample with a higher removal
rate and adsorption capacity was obtained from ABL@ZnCl,,
reaching 95% and 190.63 mg/g, respectively.

3.2.3. Effect of Dye Concentration. Figure 3d,e demonstrates
the effect of the initial RhB concentration on the adsorption
performance. When the initial RhB concentration was increased,
the RhB removal efficiency decreased while the adsorption
capacity gradually increased. As it can be noted, when the initial
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ACS Omega 2023, 8, 4813—-4825


https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c06968/suppl_file/ao2c06968_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c06968/suppl_file/ao2c06968_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c06968/suppl_file/ao2c06968_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06968?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06968?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06968?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06968?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c06968?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

100 g ABL@2ZnCI2
90.] =ABL@H3PO4
| =mABL@KOH

Removal rate (%)
g
PR Y

0.50 0.75

Adsorbent dosage (g/L)

(a)

1.00

—=— ABL@2ZnClp
—e— ABL@H3PO4
—— ABL@KOH

q, (mg/g)
g

20

0 pmpeeep e e A ey

&

0 10 20

Time (min)

(c)

T T T 1 T
30 40 50 60 70 80 90 100 110 120

I ABL@2ZnCly
B ABL@H3PO4
B ABL@KOH

q, (mg/g)
B

50 100 150 200 250

Dye concentration (mg/L)

(e)

100

90
80
70
60
50
40
30

Removal rate (%)

20
10

0

o

110

—=— ABL@ZnCly
—eo— ABL@H3PO4
—A— ABL@KOH

10 20 30 40 50 60 70

Time (min)

(b)

80 90 100 110 120

100 -
90
80
70
60
50
40

Removal rate (%)

30
20
10 H

0-

100

B ABL@ZnCl2 mm ABL@H3PO4 mm ABL@KOH

50 100 150 200 250
Dye concentration (mg/L)

(d)

90 +

Removal rate (%)

Il ABL@ZnCly
I ABL@H3PO4

Figure 3. (a) Effect of adsorbent dosage on the removal efficiency of RhB (initial concentration 200 mg/L, contact time 20 min); Effect of contact time
on the (b) removal efficiency of the sample and (c) on the adsorption capacity adsorbed RhB (initial concentration 200 mg/L, adsorbent dosage 1 g/
L); effect of the RhB concentration on the (d) removal efficiency and (e) adsorption capacity (adsorbent dosage 1 g/L, contact time 120 min); (f)
effect of pH on the removal efficiency of RhB (initial concentration 200 mg/L, adsorbent dosage 1 g/L, contact time 20 min).

RhB concentration was 250 mg/L, the RhB removal efficiency of

all samples decreased remarkably, which is in agreement with

previous studies.”* However, the ABL@KOH sample showed
no change in adsorption, even at a high initial dye concentration.
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Figure 4. PFO and PSO adsorption kinetic models of RhB adsorption by (a) ABL@ZnCl, and (b) ABL@H;PO,; IPD adsorption kinetic study of RhB

adsorption by (c) ABL@ZnCl, and (d) ABL@H;PO,.

Table 4. Kinetic Constants of PFO and PSO Models

PFO PSO

Sample Qoep(mg/g) Ky (min—1) 9.(mg/g) R SSE® Ky(g/mg/min) 9.(mg/g) R SSE

ABL@ZnCl, 190.63 0.00258 177.40 0.73 1.59 0.000027 188.69 0.88 0.23

ABL@H,PO, 184.70 0.00426 169.66 0.27 1.81 0.000051 181.24 0.81 0.42

“SSE: sum of the squared error.

Hence, it was not considered in the next exploration of kinetics Moreover, the IPD model was employed to explain the
and isotherms. adsorption process of RhB on ABL biochar. It should be noted
3.2.4. Effect of pH. Figure 3f shows the effect of the pH value that the entire RhB adsorption process can be divided into three
on RhB removal efficiency. Evidently, there was a less significant stages (Figure 4c,d). During the first stage (bulk diffusion), RhB
effect of pH change on the removal rate of RhB. Considering the adsorption was achieved through rapid boundary layer diffusion
cost, the pH of the solution (x6) will not be changed in the to the external surface. Especially, the C; value of ABL@H;PO,
subsequent adsorption experiments. (88.31 mg/g) was far higher than that of ABL@ZnCl, (58.08
3.2.5. Adsorption Kinetics. To determine the adsorption rate mg/g), indicating that ABL@H,PO, has a greater boundary
of RhB on the ABL biochar, it was necessary to determine their layer diffusion effect. Subsequently, the RhB molecules gradually
mass transfer coeflicients. Figure 4a,b and Table 4 show that the diffused into the porous structure of the ABL biochar in the
fitting data R* of the PSO kinetic model for all samples were second stage (film diffusion). Finally, the adsorption process
higher than those of the PFO kinetic model, which proves that gradually reached equilibrium in the third stage (pore diffusion).
the PSO kinetic model better describes the RhB adsorption Although IPD was involved in the adsorption process, due to the
process. fitting line not passing through the origin, IPD was not the only
4818 https://doi.org/10.1021/acsomega.2c06968
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Table S. Kinetic Constants for the Intraparticle Diffusion Model

first liner segment

second liner segment

third liner segment

sample K4(mg/g/h%) C(mg/g) R? K4(mg/g/h%) C,(mg/g) R? K,,(mg/g/h>) C(mg/g) R?
ABL@ZnCI2 22.62 58.08 0.99 7.11 127.54 0.99 1.96 169.06 0.99
ABL@H3PO4 22.12 88.31 0.97 9.30 122.83 0.97 2.39 158.41 0.97

Table 6. Constants for the Isotherm Model
Langmuir model Freundlich model Sips model

sample q.(mg/g) K (L/mg) R? K [(mg'™ L") /g] n R? 9.(mg/g) Kg(L/mg) ns R?
ABL@ZnCl2 263.19 0.12 0.89 44.05 2.19 0.83 192.41 0.23 2.31 0.92
ABL@H3PO4 309.11 0.04 0.72 20.60 1.67 0.68 186.82 0.09 2.25 0.74

Table 7. Comparison of the Maximum Adsorption Capacity of RhB Dye on Biochar Obtained from Other Biomass
raw material BET (m?/g) total pore volume (cm®/g) adsorbent dosage (g/L) dye concentration (mg/L) g,(mg/g) refs
stalk corn 2.5 10-50 5.300 11
MOE-5/COF 7.025 0.8 5-25 16.18 57
tapioca peel waste 146 2 25-150 33.10 36
porous organic polymers 4.28 0.038 0.3 5-30 59.20 58
rabbit manure 42.66 0.138 0.9 20—-80 65.03 59
bamboo shoot shell 513 0.27 1 2—-300 85.80 60
cassava slag 3 25-500 105.3 44
white sugar 1145 0.53 0.8 25—100 123.5 54
olive 0.7 50—250 263.7 61
1866 (ABL@ZnCl,) 1.143 263.19
ABL residue 1488 (ABL@H,PO,) 2382 1 50—250 309.11 this study
Table 8. Thermodynamic Parameters for RhB Adsorption
sample AG(KkJ/mol) AH(kJ/mol) AS(J/mol/K)
298 K 308 K 318 K 328 K
ABL@ZnCL2 —8.06 —8.34 928 —9.80 19.80 92.60
ABL@H3PO4 -3.31 —4.76 —5.60 —6.09 3578 11147

speed-limiting step.'”>> All these processes can be verified by
the obtained K value in Table 5.

3.2.6. Adsorption Isotherm. To delineate the adsorption of
RhB on the ABL biochar samples, Langmuir, Freundlich, and
Sips models were used to fit the isotherms (Figure S3). Table 6
lists the fitting parameters for RhB adsorption with different
models. Notably, the correlation coefficient of RhB adsorption
isotherms using the Sips model was the highest, suggesting that
the Sips model was suitable to describe the adsorption behavior
of the obtained biochar.*® Evidently, the ns value of the ABL@
H;PO, was the lowest at 2.25, indicating that the sample had
systematic heterogeneity. In addition, the maximum RhB
adsorption capacity of ABL biochar can reach 309.11 mg/g,
which belonged to one of the best RhB adsorbents, as presented
in Table 7.

3.2.7. Thermodynamic Analysis. Furthermore, the thermo-
dynamic analysis was conducted to determine enthalpy (AH),
entropy (AS), and Gibbs free energy (AG) using the equation
listed in Table 1. As illustrated in Figure S3c,d, charts of In Ky
versus 1/T were plotted, from which thermodynamic
parameters were calculated and listed in Table 8. Evidently, all
AG values were negative, indicating that the RhB adsorption on
ABL@ZnCl, and ABL@H;PO, both took place spontaneously.
Besides, the absolute AG value increased with the increase of
temperature, suggesting that higher temperature was beneficial
to the adsorption process. The positive values of AH implied
that the RhB adsorption processes on ABL@ZnCl, (19.80 KJ/

4819

mol) and ABL@H,;PO, (35.78 KJ/mol) were both endother-
mic, and the positive AS values demonstrated increased
randomness and disorderliness at the solid/liquid interface
during RhB adsorption.

3.3. Adsorption Mechanism. 3.3.7. FTIR. It can be noted
that the FTIR characteristic absorption peaks of the ABL
biochar were basically consistent with ABL@Blank (Figure Sa).
However, some differences were observed. First, for all biochar
samples, the newly appearing peak at 1571 cm ™" was ascribed to
the stretching vibration of C=0 and C=C of the aromatic ring.
This favorable structure may produce an EDA effect (7—n
electron donor—acceptor interaction) between the biochar and
adsorbed substances in adsorption experiments.”* Second, for
the ABL@ZnCl, sample, the peak at 1145 cm™" was assigned to
the O—H bond of phenolic compounds.®®> The peak at 1384
cm™ of the ABL@H,PO, sample was attributed to —COOH
and O—H bonds. The peak at 1169 cm™" was attributed to the
stretching vibrations of P=0 and O—C, indicating that there
may be a P-O—C, P=OOH structure in the sample.”* These
oxygen-containing functional groups could form hydrogen
bonds with RhB molecules, which are beneficial for the
subsequent adsorption process. The peak at 1433 cm™" of the
ABL@KOH sample may be attributed to the aromatic ring
structure. The peaks at 1074 and 1046 cm™' were assigned to
C—H bending of the alkene and C—O—-C stretching.65

3.3.2. XPS. Figures Sb—d and S4 show the XPS spectra of all
ABL biochar. Several interesting phenomena can be observed.

https://doi.org/10.1021/acsomega.2c06968
ACS Omega 2023, 8, 4813—-4825


https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c06968/suppl_file/ao2c06968_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c06968/suppl_file/ao2c06968_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c06968/suppl_file/ao2c06968_si_001.pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c06968?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

http://pubs.acs.org/journal/acsodf

ACS Omega
_ I : 1145 11|
S : ! o
Y ' ABL@H,PO, ! o
Q r | Vi
c ' T
[T i ' i
= : i 13844169 1is
£ | ABL@KOH ; v
= ‘ ’ 1074 11
: Raw material 1046 !
} 1640 1030
M 1 N 1 M T M 1 N I M 1 M 1
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)
(a)
ABL@H3PO,4 o1s
tﬂ. \
3
s
> C-0-PIC-O
@ -OH
5 C=0/P=0
2
£
T T T T T
538 536 534 532 530 528 526

Binding energy (eV)

(c)

ABL@ZnCl3 O1s
3
8
2
(7]
c
2
£
T T 1 1 1
538 536 534 532 530 528 526
Binding energy (eV)
ABL@H3PO4 A P2p
3
&
2
(2}
c
[
o
£
T A T T hd T T T T
140 138 136 134 132 130 128 126

Binding energy (eV)

(d)

Figure S. (a) FTIR spectra of all biochar and raw material; (b) O 1s XPS analysis of ABL@ZnCl,, (c) O 1s XPS analysis of ABL@H;PO,; and (d) P2p

XPS analysis of ABL@H;PO,.

First, the O 1s XPS spectra of the ABL@ZnCl, sample were
divided into three peaks at 529.93, 532.09, and 534.52 eV, which
can be attributed to C=0, C—O, and —OH, respectively.
However, the oxygen-containing functional groups of the ABL@
H,;PO, sample mainly included C=0/P=0, C—O—-P/C-0,
and —OH, which are both favorable for the adsorption of dyes.
In contrast, the oxygen-containing functional groups of ABL@
KOH sample were only —OH and R—COO, which may not play
a significant role in the adsorption process.”® Second, the C 1s
XPS spectra of all samples had three peaks at 284.48,285.70, and
288.95 eV, corresponding to C—C/C—H, C—-0, and O=C-0,
respectively. Third, the N 1s XPS spectra of the ABL@ZnCl,
and ABL@H;PO, samples were divided into two main peaks,
corresponding to pyridine-N and pyrrole-N, respectively.
Fourth, the peaks of the Zn 2p XPS spectra of the ABL@
ZnCl, sample corresponded to Zn 2p1/2 and Zn 2p3/2 of ZnO,
which were consistent with the XRD results, indicating that ZnO
was formed during the activation of ZnCl,. Finally, for the
ABL@H;PO, sample, there were two peaks at 136.48 and

4820

133.68 eV, which split into the P 2p. These peaks represent C—
O—PO; and P,Oy, which can promote the adsorption process.”
Compared with ABL@Blank, the ABL biochar samples had
more oxygen-containing functional groups and provided more
active sites for subsequent adsorption.

3.3.3. XRD Analysis and Stability of ABL@ZnCl, and ABL@
H3PO,. The XRD patterns of obtained ABL biochar all have 002
(20 = 24°) and 100 (20 = 44°) wide reflections, indicating that
they are amorphous biochar caused by the accumulation of an
aromatic layer structure,”” as shown in Figure 6a. The peaks of
the ABL@ZnCl, sample at 26 = 31.8, 34.4, and 36.3°
correspond to those of ZnO, confirming the formation of
Zns(OH)sCl, and subsequent ZnO.®® However, the peaks of
ABL@H;PO, biochar at 23.1, 24.2, 26.7, 31.6, and 37.6° all
corresponded to phosphoric acid and its hydrate. The peaks at
15.1 and 27.4° were attributed to phosphate radicals, which
resulted from the catalytic dehydration reaction.”” Notably, the
amorphous structures of ABL@ZnCl, and ABL@H;PO,
showed almost no change after RhB adsorption, suggesting
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Figure 6. (a) XRD patterns of biochar samples before and after RhB adsorption. (b) FTIR spectra of biochar samples after adsorption. (c) C 1s, (d) O
1s XPS analysis of ABL@ZnCl, after RhB adsorption, (e) O 1s, (f) XPS spectra of ABL@H,;PO, and ABL@H;PO, after RhB adsorption. (g) RhB
adsorption mechanism of ABL@ZnCl, and ABL@H;PO,.

the biochars after RhB adsorption were fairly stable. Table SS
lists the concentrations of the ions leached from prepared
biochar during the RhB adsorption process. Although ZnO

(attached to the ABL@ZnCl, surface) and phosphoric acid
(attached to the ABL@H,PO, surface) were detected in the
solution after RhB adsorption, all leached ions were very small,
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Table 9. Cost and Economic Value of Biochar Used in Industrial Wastewater Production ($/t)

sample raw material ~ disposal cost chemical reagents  energy consumption wages of workers  total cost commercial biochar price  pay back
ABL@ZnCl, 15 18.3 45.8 612.4 366 1041 2013 972
ABL@H,PO, 30.5 1026 987

demonstrating the feasibility of adsorbing RhB with ABL@ biochar was USD 972/t (ABL@ZnCl,) and USD 987/t (ABL@

ZnCl, and ABL@H,PO,. H,PO,) compared to commercial biochar, suggesting that it is
3.3.4. Proposed Adsorption Mechanism of RhB on ABL@ feasible to prepare biochar from ABL residues in industry.

ZnCl, and ABL@H3PO,. To further examine the adsorption 3.5. Regeneration Evaluation. The regeneration capaci-

mechanism of RhB on the ABL biochar, FTIR and XPS spectra ties of the different samples after five cycles are shown in Figure

of the biochar after adsorption were obtained (Figures 6b—f and 7. Compared with the first cycle, the ABL@ZnCl, sample
SS). The position of the carbonyl peak changed from 1571 to

1582 and 1586 cm™" after RhB adsorption on ABL@ZnCl, and 120 —

ABL@H;PO, biochar, respectively, proving that the z—n ;‘8;'3,;"_?'

electron donor—acceptor interaction occurred with the 100 = Cycle-2

participation of functional groups in the adsorption process.”® ] ggi::ﬁ =h Mg

The XPS analysis of the biochar after RhB adsorption showed 3 80- = Cycle-5

that the C 1s, N 1s, and O 1s peaks of the ABL@ZnCl, biochar <

all changed, indicating that C—O bonds, C=0 bonds, and N- T g0

containing functional groups participated in the adsorption s

process. In addition, the P 2p peak was weaker after the RhB g 404

uptake, suggesting that the P—O—P bond and P-containing 2

functional groups of the ABL@H;PO, biochar also play 20

important roles in adsorption.** In contrast to the larger BET

surface area and micropore volume of ABL@ZnCl,, at the early

stage of adsorption, the RhB removal rate and adsorption 0 '

capacity on ABL@H;PO, were even higher, which was owing to ABL@znCly ABL@H3PO4

its larger pore diameter (6.40 nm) and the EDA effect caused by Figure 7. Five adsorption—desorption cycles of RhB on the obtained
the abundant P-containing functional groups of ABL@H;PO,. biochar samples.

Nevertheless, at the end of the RhB adsorption process, the

removal rate and adsorption capacity of ABL@ZnCl, were exhibited a certain downward trend, but there was still a 37%

finally higher than those of ABL@H;PO,, indicating that pore removal rate after five cycles. Speculatively, as a result of the
diffusion played a key role in the adsorption process. From the smaller average pore diameter (2.45 nm) of ABL@ZnCl,, the
above discussion, Figure 6g shows the schematic diagram of the original microporous structure collapsed, resulting in inactiva-
RhB adsorption mechanism on ABL@ZnCl, and ABL@H;PO,. tion after further carbonization regeneration. In contrast, the
It can be inferred that pore diffusion, 7—x interactions, and ABL@H;PO, sample displayed excellent RhB removal ability
hydrogen bonding all play roles in the physical adsorption of after five cycles, which was only slightly different from the first
RhB on ABL biochar. 7—7 interactions dominated in the early cycle, indicating that this biochar has remarkable reusability and
stage of RhB adsorption on ABL@H;PO,, while pore diffusion stability.

played a crucial role in the whole adsorption process on both

adsorbents. 4. CONCLUSIONS

3.3.5. Discussion on ABL@KOH. One thing that should be In summary, we had successfully prepared ABL@ZnCl, (1866
mentioned is that the adsorption property of RhB on ABL@ m?/g), ABL@H,PO, (1488 m?/g), and ABL@KOH (590 m?/

KOH is very poor. The speculated reasons are as follows: (1) g) with an ultrahigh specific surface area. Through pore
during the preparation of ABL@KOH biochar, there will be a diffusion, 7— interaction, and hydrogen bonding, ABL biochar
large amount of gas generated due to the reaction of KOH with had excellent adsorption performance for RhB. Moreover, when
carbon at high temperature, resulting in many large holes inside C, was 200 mg/L, biochar dosage was 1g/L, and the contact
and outside the ABL@KOH biochar with extremely light time was 120 min, the maximum RhB adsorption capacity and
weight. Therefore, the interaction between RhB dye and the removal efficiency on ABL@ZnCl, and ABL@H,PO, were
pore surface was not strong enough. (2) The stable aromatic ring 190.63 mg/g, 95% and 184.70 mg/g, 92%, respectively,
structure of ABL@KOH cannot provide too many active sites indicating that it was feasible to prepare biochar from the ABL
for RhB adsorption. residue for RhB adsorption. Further analysis showed that the

3.4. Industrial Economic Feasibility Analysis. Economic adsorption data were in accordance with PSO kinetics and
analysis is an important factor in practical applications. Figure S6 Langmuir isotherm models, and the theoretical maximum
shows the poor RhB adsorption capacity of commercial biochar adsorption capacities of ABL@ZnCl, and ABL@H;PO, for RhB
used for wastewater treatment compared to that of ABLZnCl, were 263.19 and 309.11 mg/g, respectively. Additionally, pore
and ABL@H;PO,. Furthermore, Table S6 also provides a diffusion, 7— interactions, and hydrogen bonding all play roles
comparison of biochar cost with other materials. It is evident in the physical adsorption of RhB on ABL biochar. 7—x

that ABL@ZnCl, and ABL@H;PO, biochars are very interactions dominated in the early stage of RhB adsorption on

competitive in terms of cost.”” " Table 9 lists the production ABL@H;PO,, while pore diffusion played a crucial role in the
costs and prices required based on the energy consumption for whole adsorption process on both adsorbents. In addition, the
our work. It can be clearly seen that the pay back of our ABL prepared biochar showed good economic applicability, with
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recovery rates of USD 972/t (ABL@ZnCl,) and USD 987/t
(ABL@H,PO,), respectively. More importantly, even after five
cycles, ABL@H;PO, biochar still showed great RhB removal
efficiency, suggesting that it had a good application prospect and
provided a new method for the resource utilization of traditional
CHM residues. However, there might be some potential
environmental pollution associated with the preparation of
ABL@ZnCl, and ABL@H;PO, biochars. In our future work, a
variety of green technologies will be investigated for the
preparation of CHM biochar.
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